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1 
METHOD AND APPARATUS FOR 
NON-DESTRUCTIVE EVALUATION OF 
MATERIALS 


RELATED APPLICATIONS 


This application is a divisional of application Ser. No. 
13/297,933 filed on Nov. 16, 2011, which claims the benefit 
of U.S. Provisional Application No. 61/414,008, filed on 
Nov. 16, 2010 and U.S. Provisional Application No. 61/524, 
520, filed on Aug. 17, 2011. 

The entire teachings of the above applications are incor- 
porated herein by reference. 


GOVERNMENT SUPPORT 


This invention was made with government support under 
contract number NNX10CB25C awarded by NASA and 
contract number NNX11CG49P awarded by NASA. The 
government has certain rights in the invention. 


BACKGROUND 


Composite materials are replacing traditional materials in 
aerospace and other industries because of their high strength 
to weight ratio, thermal characteristics, and other properties 
that can often be engineered for superior performance. For 
example, Organic and Ceramic Matrix Composites (CMCs) 
are being developed for high-temperature aerospace appli- 
cations because of their light weight, high strength, superior 
wear resistance and dimensional stability at high tempera- 
tures. Components using these materials are being investi- 
gated for several engines. 

Composite materials are not without their flaws and 
testing and validation is needed for quality control at pro- 
duction and for life management once deployed. Continuing 
the above example, CMCs that are most useful in aerospace 
structural applications have continuous fiber reinforcements 
embedded in a ceramic matrix. As such, these CMCs have 
mostly fiber-dominated mechanical properties and rely on 
the matrix materials for load transfer, increased strain and 
toughness, and, to some extent, environmental protection. 
However, at the elevated temperature environments typi- 
cally found in advanced propulsion systems, these materials 
can react with the oxygen, moisture, and salt in the air to 
undergo chemical changes that can affect the structural 
performance and remaining life of components made from 
these materials, while showing no visible structural changes. 

Nondestructive evaluation (NDE) techniques are needed 
that can provide relevant information about the material 
condition of the composite and constituents. These tech- 
niques also need to provide information about the influence 
of any degradation or changes in these constituents on the 
ultimate performance of a composite materials. This infor- 
mation can be used to both improve operational performance 
and reduce costs by improving repair/replace decisions. 
Also, there is a need for enhanced NDE and stress moni- 
toring for carbon fiber composites including the need to 
rapidly image manufacturing quality for wide areas curved 
surfaces, to detect and characterize impact and fatigue/ 
overload damage, to monitor stress and detect cracks in 
metal structural elements behind composite layers. 


SUMMARY 


Methods and apparatus are disclosed for characterizing 
composite materials for manufacturing quality assurance 
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(QA), periodic inspection during the useful life, or for 
forensic analysis/material testing. System are provided that 
relate eddy-current sensor responses to the fiber layup of a 
composite structure, the presence of impact damage on a 
composite structure with or without a metal liner, volumetric 
stress within the composite, fiber tow density, and other 
NDE inspection requirements. Also provided are systems 
that determine electromagnetic material properties and 
material dimensions of composite materials from capacitive 
sensor inspection measurements. These properties are 
related to the presence of buried defects in non-conductive 
composite materials, moisture ingress, aging of the material 
due to service or environmental/thermal exposure, or 
changes in manufacturing quality. 

In one aspect the invention relates to a system for detect- 
ing impact damage to an object. The system comprises: an 
eddy-current sensor array having a plurality of array ele- 
ments; a fixture for scanning the eddy-current sensor array 
over a surface of the object; an instrument for measuring 
impedances from each of the array elements of the array 
during scanning; a processor; and a plurality of modules 
comprising code executable by the processor, the plurality of 
modules comprising an imaging module to generate a cur- 
rent material property image from the impedances measured 
by the instrument; and a detection module to determine from 
the current material property image locations of impact 
damage. 

The system of may further comprise a computer-readable 
storage device for recording a prior material property image 
obtained from impedance measurements of an earlier scan of 
the object, wherein the detection module subtracts the cur- 
rent material property image from the prior material prop- 
erty image to identify locations with material property 
changes in excess of a threshold. 

The system of may be such that the material property is 
a local distance of the eddy-current sensor array to a surface 
of the object. 

Another aspect relates to a method of inspecting a com- 
posite overwrap pressure vessel (COPV). The method com- 
prises scanning a linear drive eddy-current sensor array 
proximal to the COPV parallel to a surface of the COPV; 
measuring, during the scanning, first impedances at each of 
a plurality of sense elements of the array, while exciting the 
sensor at a first frequency; measuring, during the scanning, 
second impedances at each of the plurality of sense elements 
of the array, while exciting the sensor at a second frequency, 
lower than the first frequency; processing the first imped- 
ances to obtain a first property image characterizing the 
composite overwrap of the COPV; processing the second 
impedances to obtain a second property image characteriz- 
ing a metal liner of the COPV; analyzing the first and second 
property images to determine damage in the composite 
overwrap and the metal liner of the COPV, respectively. 

The analysis may comprise registering a previously cap- 
tured image of the respective property and determining a 
difference between the two; comparing the differences to a 
respective threshold to identify locations of damage; and 
determining an amount of damage at the locations of dam- 
age based on an amount of change in the property in (e.g., 
excess of the threshold). 

Another aspect relates to a method of inspecting a com- 
posite overwrap pressure vessel (COPV). The method com- 
prises scanning an eddy-current sensor proximal to the 
COPV parallel to a surface of the COPV; during the scan- 
ning, measuring first impedances while exciting a linear 
drive of the sensor; during the scanning, measuring second 
impedances while exciting a non-linear shaped drive of the 
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sensor; processing the first impedances to obtain a first 
property image characterizing the composite overwrap of 
the COPV; processing the second impedances to obtain a 
second property image characterizing a metal liner of the 
COPV; and analyzing the first and second property images 
to determine damage in the composite overwrap and the 
metal liner of the COPV, respectively. 

Another aspect relates to a system for determining a layup 
of a composite structure. The system has an eddy-current 
sensor; a fixture for maintaining the eddy-current sensor 
proximal to a location on the composite structure and 
rotating the sensor relative to the location; an instrument for 
measuring impedances from the eddy-current sensor during 
the rotation; a processor; and at least one module comprising 
code executable by the processor, the at least one modules 
comprising a relationship module for relating impedance 
measurements at one or more angles of the eddy-current 
sensor to respective fiber orientations within the composite 
structure. The system may be used, for example, to inspect 
a composite overwrapped pressure vessel (COPV). 

The system may be such that the at least one modules 
further comprise a validation module that validates that the 
fiber orientations at the location on the composite structure 
are within a specification. Further, the system may be such 
that the fixture is further configured to position the eddy- 
current sensor at a plurality of other locations on the 
composite structure and the validation module validates the 
fiber orientations at each of the plurality of other locations. 

Another aspect relates to a system for identifying defects 
in a low-conductivity fiber composite. The system has a 
capacitive sensor; a fixture for scanning the capacitive 
sensor array over a surface of the low-conductivity fiber 
composite; an instrument for measuring impedances from 
the capacitive sensor during the scanning; a processor; and 
a plurality of modules comprising code executable by the 
processor, the plurality of modules comprising an imaging 
module to generate a current material property image from 
the impedances measured by the instrument; and a detection 
module to determine from the current material property 
image locations of defects in a low-conductivity fiber com- 
posite. 

The system may be such that the capacitive sensor is a 
capacitive sensor array. 

Another aspect relates to a system for determining a 
density of fiber tows in a composite. The system comprises 
a eddy-current sensor having a linear drive construct; a 
fixture for maintaining the linear drive construct parallel to 
a direction of fibers and for scanning the sensor across the 
fiber tows; an instrument for measuring impedances from 
the eddy-current sensor during the scanning; a processor; 
and at least one module comprising code executable by the 
processor, the at least one modules comprising a transfor- 
mation module for transforming the impedances measured 
during scanning into a spatial parameter equivalent to the 
density of the fiber tows. 

The system may be such that the spatial parameter is a 
spatial frequency of the fiber tows or a spatial periodicity of 
the fiber tows. 

The system may be such that the at least one modules 
further comprise a validation module configured to compare 
the spatial parameter to an acceptable range of spatial 
parameters and to make an accept/reject decision based on 
whether the spatial parameter is within the acceptable range. 

The system may be such that a fast Fourier transform 
(FFT) is used in converting impedance measurements into 
the spatial parameter. 
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The foregoing is a non-limiting summary of the invention, 
which is defined by the attached claims. 


BRIEF DESCRIPTION OF DRAWINGS 


The accompanying drawings are not intended to be drawn 
to scale. In the drawings, each identical or nearly identical 
component that is illustrated in various figures is represented 
by a like numeral. For purposes of clarity, not every com- 
ponent may be labeled in every drawing. In the drawings: 

FIG. 1 is a block diagram of a system for measuring or 
monitoring properties of composite test objects according to 
some embodiments; 

FIG. 2A is a meandering winding eddy-current sensor 
according to some embodiments; 

FIGS. 2B and 2C are linear drive eddy-current sensor 
arrays according to some embodiments; 

FIG. 3 is a flow diagram for generating measurement 
grids, lattices, and hyperlattices according to some embodi- 
ments; 

FIG. 4A-4D is a diagram showing rotation of a sensor on 
a composite material to determine fiber orientation, accord- 
ing to some embodiments; 

FIG. 5A shows measurement results obtained by rotating 
a sensor about a location on a composite material to deter- 
mine fiber orientation; 

FIG. 5B shows a table of the designed fiber wrap angles 
for the test specimen measured in connection with FIG. 5A; 

FIG. 6 shows magnitude and phase plots of a meandering 
winding eddy-current sensor response as a function of 
sensor orientation angle on several different carbon fiber 
composite samples; 

FIG. 7 is a method 700 for evaluating fiber orientation of 
a composite test object according to some embodiments; 

FIG. 8 is a method of inspecting a test object to identify 
damage according to some embodiments; 

FIG. 9 is another method of inspecting a test object to 
identify damage according to some embodiments; 

FIG. 10A is a schematic showing impact locations on a 
COPV specimen; 

FIG. 10B shows before, after, and baseline subtracted 
images of sensor lift-off to image liner damage on a COPV 
at 50 kHz; 

FIG. 10C shows before, after, and baseline subtracted 
images of conductivity to image damage to the composite 
overwrap of a COPV at 5 MHz; 

FIG. 10D shows before, after, and baseline subtracted 
images of sensor lift-off to image liner damage on a COPV 
at 5 MHz; 

FIG. 11 shows an imaging of COPV liner damage through 
multi-layer insulation (MLI); 

FIG. 12A shows a method for determining a periodic 
characteristic of a composite, such as repeatable fiber tow 
weave width, using a linear drive eddy-current sensor 
according to some embodiments; 

FIG. 12 B shows a composite specimen having regularly 
spaced fiber tows; 

FIG. 12C shows the composite specimen having regularly 
spaced fiber tows with a sensor response superimposed 
thereon; and 

FIG. 12D show the power spectral density of the sensor 
response obtained by scanning in a direction perpendicular 
to the fiber direction. 


DETAILED DESCRIPTION 


The inventors have recognized and appreciated the need 
for non-destructive evaluation (NDE) techniques for com- 
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posite materials. Methods and apparatus are disclosed for 
NDE inspection of “conductive” and “non-conductive” 
composites. As used herein, conductive composites have a 
fiber/matrix conductivity of about 10* S/m or greater, while 
non-conductive composites have a conductivity less than 
about 107° S/m. NDE of conductive composites may be 
performed by eddy-current sensor constructs with linear 
drive conductor segments, and NDE of non-conductive 
composites may be performed by capacitive sensor tech- 
nologies. 

Conductive composites include carbon fiber composites, 
reinforced carbon-carbon composites (RCC), metal matrix 
composites, as well as other composites with conducting 
fibers or a conducting matrix with conductivities above 107 
S/n. The inventors have recognized and appreciated that the 
electromagnetic material properties and material dimensions 
estimated from eddy-current inspection measurements may 
be related to the manufacturing quality, damage, stress, 
thermal or environmental usage condition of the composite 
materials inspected. Methods and apparatus are disclosed 
that relate eddy-current sensor responses to the fiber layup of 
a composite structure, the presence of impact damage on a 
composite structure with a metal liner, volumetric stress 
within the composite, fiber tow density, and other NDE 
inspection requirements needed for manufacturing quality 
assurance (QA) and periodic inspection during the useful 
life, or for forensic analysis/material testing. 

Non-conductive composites include glass fiber compos- 
ites, ceramic matrix composites (CMCs), organic matrix 
composites, heterogeneous construction materials (e.g., 
asphalt, concrete, cement) pharmaceuticals/pills with par- 
ticle suspensions, and other heterogeneous materials with 
low effective bulk conductivities. The inventors have rec- 
ognized and appreciated that the electromagnetic material 
properties and material dimensions estimated from capaci- 
tive sensor inspection measurements may be related to the 
presence of buried defects in non-conductive composite 
materials, moisture ingress, aging of the material due to 
service or environmental/thermal exposure, or changes in 
manufacturing quality. 

FIG. 1 is a block diagram of a system 100 for inspecting 
a test object 130. System 100 includes an instrument 110 and 
a sensor 120. Instrument 110 is configured to provide 
excitation signals 121 to sensor 120 and measure the result- 
ing response signals 123 of sensor 120. Measured response 
signals 123 may be processed to estimate properties of 
interest, such as electrical properties (e.g., conductivity, 
permeability, and permittivity), geometric properties (e.g., 
thickness, sensor lift-off), material condition, or any other 
suitable property or combination thereof. 

Instrument 110 may include a processor 111, a user 
interface 113, memory 115, an impedance analyzer 117, and 
a network interface 119. Though, in some embodiments of 
instrument 110 may include other combinations of compo- 
nents. While instrument 110 is drawn as a single block, it 
should be appreciated that instrument 110 may be physically 
realized as a single “box”; multiple, operably-connected 
“boxes”, or in any other suitable way. For example, in some 
embodiments it may be desired to provide certain compo- 
nents of instrument 110 as proximal to sensor 120 as 
practical, while other components of instrument 110 may be 
located at greater distance from sensor 120. 

Processor 111 may be configured to control instrument 
110 and may be operatively connected to memory 115. 
Processor 111 may be any suitable processing device such as 
for example and not limitation, a central processing unit 
(CPU), digital signal processor (DSP), controller, address- 
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able controller, general or special purpose microprocessor, 
microcontroller, addressable microprocessor, programmable 
processor, programmable controller, dedicated processor, 
dedicated controller, or any suitable processing device. In 
some embodiments, processor 111 comprises one or more 
processors, for example, processor 111 may have multiple 
cores and/or be comprised of multiple microchips. 

Memory 115 may be integrated into processor 111 and/or 
may include “off-chip” memory that may be accessible to 
processor 111, for example, via a memory bus (not shown). 
Memory 115 may store software modules that when 
executed by processor 111 perform desired functions. 
Memory 115 may be any suitable type of non-transient 
computer-readable storage medium such as, for example and 
not limitation, RAM, a nanotechnology-based memory, one 
or more floppy disks, compact disks, optical disks, volatile 
and non-volatile memory devices, magnetic tapes, flash 
memories, hard disk drive, circuit configurations in Field 
Programmable Gate Arrays (FPGA), or other semiconductor 
devices, or other tangible, non-transient computer storage 
medium. 

Instrument 110 may have one or more functional modules 
109. Modules 109 may operate to perform specific functions 
such as processing and analyzing data. Modules 109 may be 
implemented in hardware, software, or any suitable combi- 
nation thereof. Memory 115 of instrument 110 may store 
computer-executable software modules that contain com- 
puter-executable instructions. For example, one or more of 
modules 109 may be stored as computer-executable code in 
memory 115. These modules may be read for execution by 
processor 111. Though, this is just an illustrative embodi- 
ment and other storage locations and execution means are 
possible. Instrument 110 provides excitation signals for 
sensor 120 and measures the response signal from sensor 
120 using impedance analyzer 117. Impedance analyzer 117 
may contain a signal generator 112 for providing the exci- 
tation signal to sensor 120. Signal generator 112 may 
provide a suitable voltage and/or current waveform for 
driving sensor 120. For example, signal generator 112 may 
provide a sinusoidal signal at one or more selected frequen- 
cies, a pulse, a ramp, or any other suitable waveform. 

Sense hardware 114 may comprise multiple sensing chan- 
nels for processing multiple sensing element responses in 
parallel. Though, other configurations may be used. For 
example, sense hardware 114 may comprise multiplexing 
hardware to facilitate serial processing of the response of 
multiple sensing elements. Sense hardware 114 may mea- 
sure sensor transimpedance for one or more excitation 
signals at on one or more sense elements of sensor 120. 
Instrument 110 may process the transimpedance data to 
estimate one or more properties of test object 130. It should 
be appreciated that while transimpedance (sometimes 
referred to simply as impedance), may be referred to as the 
sensor response, the way the sensor response is represented 
is not critical and any suitable representation may be used. 

Sensor 120 may be an eddy-current sensor, a dielectrom- 
etry sensor, an ultrasonic sensor, or utilize any other suitable 
sensing technology or combination of sensing technologies. 
In some embodiments, sensor 120 is a linear drive eddy- 
current sensor such as an MWM® or MWM®-Array avail- 
able from JENTEK Sensors, Inc., Waltham, Mass. In 
another embodiment, sensor 120 is a interdigitated dielec- 
trometry sensor or a segmented field dielectrometry sensor 
such as the IDED® sensors also available from JENTEK 
Sensors, Inc. Sensor 120 may have a single or multiple 
sensing and drive elements. Sensor 120 may be scanned 
across, mounted on, or embedded into test object 130. 
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In some embodiments, the computer-executable software 
modules may include a sensor data processing module, that 
when executed, estimates properties of the component under 
test. The sensor data processing module may utilize property 
grids stored in memory 115. The property grids are multi- 
dimensional pre-computed databases that relate one or more 
frequency transimpedance measurements to properties to be 
estimated. The sensor data processing module may take the 
property grids and sensor data and, using grid methods, 
estimate material properties. 

User interface 113 may include devices for interacting 
with a user. These devices may include, by way of example 
and not limitation, keypad, pointing device, camera, display, 
audio input and audio output. 

Network interface 119 may be any suitable combination 
of hardware and software configured to communicate over a 
network. For example, network interface 119 may be imple- 
mented as a network interface driver and a network interface 
card (NIC). The network interface driver may be configured 
to receive instructions from other components of instrument 
110 to perform operations with the NIC. The NIC provides 
a wired and/or wireless connection to the network. The NIC 
is configured to generate and receive signals for communi- 
cation over network. In some embodiments, instrument 110 
is distributed among a plurality of networked computing 
devices. Each computing device may have a network inter- 
face for communicating with other the other computing 
devices forming instrument 110. 

A fixture 140 may be used to position sensor 140 with 
respect to test object 130 and ensure suitable conformance of 
sensor 120 with test object 130. Fixture 140 may be a 
stationary fixture, manually controlled, motorized fixture, or 
a suitable combination thereof. For scanning applications 
where fixture 140 moves sensor 120 relative to test object 
130, it is not critical whether sensor 120 or test object 130 
is moved, or if both are moved to achieve the desired scan. 

Fixture 140 may have one or more motors 141 that are 
controlled by motion controller 118. Motion controller 118 
may control fixture 140 to move sensor 120 relative to test 
object 130 during an inspection procedure. Though, in some 
embodiments, relative motion between sensor 120 and test 
object 130 is controlled by the operator directly (e.g., by 
hand). 

Regardless of whether motion is controlled by motion 
controller 118 or directly by the operator position encoders 
143 of fixture 140 and motion recorder 116 may be used to 
record the relative positions of sensor 120 and test object 
130. 

Meandering winding eddy-current sensors and linear 
drive eddy-current sensor arrays may be constructed on thin, 
flexible substrates using relatively low cost microfabrication 
techniques, producing essentially identical sensors with 
essentially identical performance. These sensors may be 
conformed to the test object to provide high quality eddy 
current data over the coverage surface. No local electronics 
is required, dramatically enhancing survivability in harsh 
(hot, cold, vibrating, etc.) environments. A sensor can be 
scaled up or down, scaled in length or width, or both, and 
shaped in any suitable manner to fit a particular test object. 
Sunilarly, sensing elements can be made larger to increase 
coverage or smaller to increase spatial resolution, and stra- 
tegically positioned to assure detection of events at key 
locations. Even very large footprint sensors can be 
extremely lightweight. 

FIG. 2A shows a meandering winding eddy-current sen- 
sor 200. Specifically, sensor 200 is an FS33 available under 
the trade name MMW® from JENTEK Sensors, Inc. The 
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expanded area of sensor 200 is the active sensing area 205. 
This area includes a drive winding, sense winding, and 
additional guard elements 206. Leads 201 and 203 connect 
to the drive winding which receives the drive current (e.g., 
excitation signals 121) from the instrumentation. Leads 202 
and 204 are connected to the sensing winding. The windings 
of the sensors resemble a square wave shape and are 
designed to produce a spatially periodic field. This field 
shape permits accurate modeling of the interaction with the 
material under test, thus significantly reducing calibration 
requirements. For example, in some situations an “air cali- 
bration” can be used, permitting measurement of a test 
object’s absolute electrical conductivity without calibration 
standards. Furthermore, in-place recalibration and calibra- 
tion verification are possible with these absolute-property 
sensors. 

FIGS. 2B and 2C show linear drive eddy-current sensor 
arrays 210 and 220, respectively. Array 210 is an FA24 and 
Array 220 is an FA28 sensor available under the trade name 
MMW-Array from JENTEK Sensors, Inc. These linear drive 
arrays have a linear drive construct 211 and a plurality of 
sensing elements 213. 

Further description of meandering winding eddy-current 
sensor and linear drive eddy-current sensors may be found 
in U.S. Patent Publication No. 2010/0045277 titled ““Mag- 
netic field characterization of stresses and properties in 
materials” which is hereby incorporated by reference in its 
entirety. 

The sensor responses are converted into material or 
geometric properties using measurement grids. These grids 
are used to convert two known values, such as the magnitude 
and phase (or real and imaginary parts) of the transimped- 
ance, into the unknown properties of interest, such as 
electrical conductivity and lift-off. The grids are two-dimen- 
sional databases or pre-computed responses, which can be 
displayed graphically to support procedure development. 
Higher order databases are used for the determination of 
more than two unknown properties of interest. 

The grids are generated using an analytical forward model 
and properties of the material under test (MUT) as illustrated 
schematically as process 300 in FIG. 3. In process 300 a 
model of the sensor (e.g., including relevant dimensions and 
identification of drive and sensing elements) in combination 
with a model of the material under test (MUT) are input to 
an electromagnetic simulator (e.g., analytical, semi-analyti- 
cal, finite element) to compute the sensor response (e.g., 
impedance, admittance) at an excitation frequency. The 
computed sensor response (e.g., impedance) represents a 
point in the sensor response space (e.g., impedance plane). 
One or more input parameters to the simulation are changed 
and the simulation is repeated for the new input generating 
second and subsequent points in the parameter space. A grid 
is generated by selecting two input parameters to vary. Each 
input parameter is varied over selected values until every 
combination of input parameters has been simulated. In the 
example of a conductivity/lift-off grid, if lift-off and the 
conductivity each take 20 unique values a total of 400 
simulations are performed to generate a grid. Each point in 
the sensor response space of the grid represents the sensor 
response for the specific parameters for the simulation. 
When a measurement is taken using a sensor and a MUT for 
which all parameters besides those varied when generating 
the grid are known to be in agreement with the constant 
values assumed in generating the grid, the measured sensor 
response can be plotted in the sensor response space. Assum- 
ing the grid is well behave and the measured sensor response 
is near the grid, the nearby grid points which are associated 
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with specific values of the unknown parameters may be used 
to estimate what input parameters would have produced the 
sensor response that was actually measured. Further descrip- 
tion of the grid methods is provided in U.S. Pat. No. 
6,992,482 titled “Magnetic field sensor having a switchable 
drive current spatial distribution” which is hereby incorpo- 
rated by reference in its entirety. 

Another aspect relates to determination of fiber orienta- 
tion in a composite material. 

Fiber based composites consist of a fiber material and a 
matrix material. The fibers in a composite are often formed 
into plies or laminae (“sheets”) with all the fibers in the ply 
in the same orientation. They may be weaved together into 
bundles or tows and the tows may be formed in a weave and 
these plies may be stacked up at various orientations inter- 
mixed with the matrix material to produce the composite 
structure. 

When an eddy-current sensor with a linear drive con- 
struct, such as meandering winding eddy-current sensor 200 
and linear drive eddy-current sensor array 220 (shown in 
FIGS. 2A and 2B, respectively), is placed such that the linear 
drive construct substantially aligns with the fiber of a 
conductive fiber composite material, a current is induced in 
the fiber. The sensor response of a linear drive eddy current 
sensor varies significantly depending on the orientation of 
the linear drive and the fibers. The plies forming the stack-up 
of some composites often have a predominant fiber orien- 
tation. This orientation may dominate the response of an 
eddy-current sensor. This orientation may be used to define 
the 0° angle. Though, any suitable reference orientation may 
be used. In a composite having multiple plies of various 
orientations the sensor may be aligned with a subset of the 
plies such that the response of the sensor is dominated by the 
condition of the plies with which the drive is aligned. 

FIG. 4A shows conceptually a setup 400 for rotating a 
linear drive sensor 410 about a point on a test object 420 to 
determine fiber orientation as a function of angle. A 
mechanical fixture such as fixture 140 (FIG. 1) may be 
utilized maintain the linear drive sensor 410 proximal to the 
location on test object 420 to be inspected. The fixture 
facilitates rotation of the sensor relative to the location on 
the test object. Test object 420, sensor 410, or both may be 
actually rotated so long as the desired relative rotation is 
achieved. 

A drive current is provided into drive winding 421 of 
sensor 410 and impedance responses are measured on sense 
element 422 as sensor 420 is rotated. Rotation may be 
performed by hand or may be facilitated by a suitable 
fixture. FIGS. 4A-4D show the sensor in various stages of 
rotation to further illustrate the measurement process. 
Impedance measurements may be made by suitable instru- 
mentation (not shown) throughout the rotation process. For 
example, instrument 110 (FIG. 1) or another suitable instru- 
ment may be used. Note that while only one sense element 
is shown, sensor 420 may have multiple sense elements. The 
sense element closest to the axis of rotation may be selected 
for measurement and analysis. In some embodiments, 
another type of sensor may be used, for example, a mean- 
dering winding eddy-current sensor. 

An FA28 MWM-Array sensor from JENTEK Sensors, 
Inc. was used to verify the fiber layup on a composite 
overwrapped pressure vessel (COPV) and the phase of the 
impedance measurement results are shown as a function of 
measurement angle in plot 500 of FIG. 5A. The relevant 
dimensions of the FA28 sensor are shown in table 520 FIG. 
2C. The COPV was inspected on the outside surface near the 
middle with respect to the axis of the bottle. 


25 


40 


45 


60 


65 


10 


Impedance measurements were taken during rotation at 
multiple frequencies. In plot 500, the phase response at three 
frequencies, 5.011, 10.0 and 15.84 MHz, is shown. The 
largest impedance phase change occurs at the highest fre- 
quency shown, 15.84 MHz. The phase response has shifts 
that correspond to the fiber orientations. The valleys of the 
shifts indicate there are fibers in the hoop direction)(90° and 
helical fiber wraps at +73° and at +13°. 

The composite overwrap ply layup specified by the manu- 
facturer is listed in table 210 shown in FIG. 5B. Layer 
number 1 is the layer closest to the liner and layer number 
5, which is a glass hoop wrap, is on the outer surface of the 
COPV. According to the manufacture, the carbon fiber 
overwrap consists of one layer of hoop fibers, a high angle 
fiber wrap at 72° and two low angle helical wraps at +9.28°. 
The linear drive sensor measurements show all these orien- 
tations. 

A relationship module may be used to identify the loca- 
tion of the fiber wraps of the test object. In some embodi- 
ments, local minima within the phase response may be used 
to identify the orientation of the fiber wraps. A threshold 
may also be used to reduce the probability that the minima 
are associated with noise or another signal source not 
indicative of fiber wrap orientation. This operation is merely 
illustrative and the relationship module may operate in any 
suitable way to identify fiber wraps directions. For example, 
the relationship module may identify fiber wrap locations 
from the sensor measurements as represented by the mag- 
nitude, phase, real or imaginary components, or after pro- 
cessing of the data to estimate material properties such as 
conductivity (e.g., using the above described Grid Methods). 
The relationship module may be implemented in software, 
hardware, or any suitable combination thereof. In some 
embodiments, the relationship module is one of modules 
109 of instrument 110. 

The fiber layup determined for the test object by the 
relationship module may be validated by a validation mod- 
ule. Like the relationship module, the validation module 
may be implemented as one of modules 109 of instrument 
110. The validation model may be used to determine 
whether the layup of the test object is within a design 
specification. 

It should be appreciated that selection of an appropriate 
sensor geometry and measurement signal (e.g., excitation 
frequency) is necessary to resolve each layer. The measure- 
ment was repeated with an FA24 sensor, also from JENTEK. 
The FA24 has the geometry of sensor 210 shown in FIG. 2B. 
The phase response measured with the FA24 is illustrated in 
plot 510 of FIG. 5A. This sensor response show fibers 
oriented in the hoop)(+90° direction, as well as helical fiber 
wraps at about +12°, but does not show the high angle 
helical wrap observed with the FA28. Also the 90° peak is 
much broader for the FA24 and seems to mask masks the 
response from the +73° helical wrap. Thus, while the FA24 
is suitable for observing some of the fiber orientations, it was 
unable to resolve some of the fiber wraps at any of the 
plotted frequency. 

FIG. 6 shows a magnitude plot 600 and phase plot 610 of 
an FS33 sensor response as a function of sensor orientation 
angle on several different carbon fiber composite samples. 
Line 601 is actually two lines representing nearly identical 
responses measured from opposite sides of a 12 ply uniaxial 
carbon fiber specimen. Notice the strong response every 90°. 
Lines 603 and 605 represents the response of a 20 ply 
specimen with carbon fiber plies at +45°. 

FIG. 7 shows a method 700 for evaluating fiber orienta- 
tion of a composite test object. 
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At step 701 the sensor is rotated about a location on the 
test object. 

At step 704, which is performed during the rotation step 
702, a sensor response to an excitation signal. 

At step 705, the sensor response data is processed. For 
example, the sensor response may be related to sensor 
lift-off, effective conductivity, or any other suitable param- 
eter. Though, it should be appreciated that raw sensor 
response data may be sufficient for determining fiber wrap 
directions. 

At step 707, fiber wrap directions are identified from the 
data. 

At step 709, a determination is made whether the fiber 
wraps at the location on the object are within specification. 

If the fiber wraps are not within specification, method 700 
may continue to step 711 at which the test object is rejected 
for failure to meet the specification. 

If the test wrap is within specification a determination is 
made at step 713 whether there are more locations to scan. 
If not the method may end. 

If there are more positions to inspect, method 700 may 
continue to step 715. At step 715 the sensor is positioned for 
scanning at the next location. 

It should be appreciated that many variations of this 
method are possible and not all steps are required. For 
example, a determination may be made at each location if at 
the location the fiber wrap is within specification, but 
rejection of the test object may be based on other criteria, for 
example, a certain percentage of the inspected locations 
must fail for rejection. 

In some embodiments the measurement may be repeated 
at multiple locations on the test object to obtain an under- 
standing of the fiber layout at multiple locations on the test 
object. An automated or semi-automated fixture may be used 
to facilitate testing at the one or more locations. 

In some circumstances the distance to each fiber layer 
may be estimated. Therefore the sensor may be used to 
interrogate the composite and determine, for example, the 
distance from each ply to the sensor. This distance may be 
used to estimate the termination of fiber layers as the 
distance from the sensor to the ply that drops off will 
abruptly increase to infinity, essentially, signaling that that 
ply is no longer part of the stack up. This may be achieved 
by scanning the sensor from a region where a given ply is 
extant to where it is not, for example, over a ply drop-off. 
Sunilarly, if the sensor is aligned with the ply and scanned 
“backwards” onto the drop off point, the arrival of the new 
ply may be detected. 

Though much of the above discussion has focused on use 
of an eddy-current sensors, it should be appreciated that 
other sensor types, such as capacitive sensor used to inter- 
rogate low conductivity composites, may also be used. 

The ability to identify the orientation of the fibers in a 
composite material may be used in configuring linear drive 
sensors for measurement of material properties. For 
example, a linear drive sensor may be aligned with a fiber 
direction in a material such that it is sensitive to specific 
layer(s) of a multi-directional fiber lay-up, where the 
response of the linear drive sensor is dominantly associated 
with the properties of the layer(s) having fibers oriented 
parallel to the linear drive. The linear drive sensor may have 
multiple linear drive segments. Using multiple segments of 
the linear drive, each potentially operating at multiple fre- 
quencies, the responses from multiple, distinct layers with 
fibers oriented parallel (or nearly parallel) to the linear drive, 
where the distinct layers may be all on one side of the sensor, 
but at different distances, or they may be both above and 
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below the sensor, may be distinguished. The properties of 
the distinguished layers may be related to mechanical prop- 
erties in a specific layer or layers. For example, the mechani- 
cal property may be stress or temperature. 

In another embodiment the orientation of a linear drive 
sensor is aligned a few degrees off of parallel to the 
dominant fiber direction so that the sensor response (e.g., 
phase), exhibits a maximum or nearly maximum change of 
response with orientation angle so that a scan of the part 
would exhibit maximum or nearly maximum deviation of 
the sensor property with angle of the fiber layer/s below the 
sensor, to enable a sensitive measure of defects such as fiber 
wash or fiber waviness. These features may be identified 
algorithmically, using visual representations such as a scan 
image color map of the sensor property, or in any other 
suitable way. Constructing the sensor with sensing elements 
at various distances from the drive (segmenting the field) 
and operating the sensor across a band of frequencies may 
enable determination of both the angle(s) and depth(s) of 
fiber orientations inside the material. 

In one aspect a function is used to represent a distribution 
or a property such as a fiber density distribution of an 
electrical conductivity distribution for a defined area or 
position on a material under test. In one such embodiment 
said distribution represents either a fiber property or a matrix 
property for a composite. In one such embodiment this 
function is desired for a baseline after production and the 
change in this function with aging or controlled thermal 
exposure or application of a load is measured to assess 
quality, condition, aging or damage. In one such embodi- 
ment the function is a probability distribution for fiber 
density or a volumetric conductivity at an impact damage 
site. In one such embodiment this function is used to monitor 
the evolution of fatigue damage at the impact damage site. 
In any of the above embodiments a linear drive ET sensor is 
used to capture an image that is in-turn used to derive said 
function for a composite. In one such embodiment the 
function is an estimation of fiber density and the changes are 
used to estimate strain. In another such embodiment the 
function represents the matrix of a relatively insulated 
composite and the function varies with applied frequency of 
the sensor drive input and the function is used to track 
thermally induced aging. 

Another aspect relates to impact damage detection for a 
composite material. 

In this section methods and apparatus are further detailed 
for detecting a characterizing damage to composite test 
objects such as COPVs. Detection and characterization of 
damage in liner materials such as those used in COPVs are 
also described. In some embodiments, a linear drive eddy- 
current sensor (e.g., MWM-Array) is used to scan a COPV. 
For example, the linear drive may be aligned in a fiber wrap 
direction to improve observability of damage. For example, 
the linear drive sensor may have the drive winding construct 
aligned in the hoop direction, the direction of a low angle 
helical wrap, or the direction of a high angle helical wrap. 
The linear drive eddy-current sensor may be excited at a 
relative high frequency (e.g., 1-15 MHz) as it is scanned 
across the COPV. Any suitable portion of the COPV surface 
may be scanned. For example, a surface of the COPV that 
will be exposed to impact damage may be scanned. The 
impedance measurements from the sensor may be converted 
into conductivity and lift-off measurements based on the 
sensor geometry and a model of the COPV. Lift-off repre- 
sents the distance between the sensor and the conductive 
surface. This preliminary scan may serve to detect damage 
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and/or act as a baseline for which to compare future scans. 
Damage can be detected, for example, as localized decreases 
in the conductivity. 

At the same time, the sensor may be excited at a relatively 
low frequency (i.e., sub MHz, e.g., 50 kHz) to inspect the 
liner. This may be done by producing a dual frequency signal 
with both the high frequency signal and the low frequency 
signal, or may be produced by alternating excitation fre- 
quencies of the sensor. Again the impedance measurements 
may be converted to lift-off and conductivity, for example, 
using an appropriate model and the Grid Methods. Damage 
(e.g., dents) in the liner may be detected as localized 
increases in lift-off as at the lower frequency excitation, the 
composite overwrap may contribute primarily to lift-off and 
not substantially affect the conductivity measurements. In 
such a case the measured conductivity will be substantially 
that of the COPV liner. 

In some embodiment a different sensor geometry may be 
used to interrogate the liner of the COPV. For example a 
circular or non-linear drive winding sensor may be used to 
excite eddy currents in the liner. Because of the non-linear 
drive winding geometry a higher frequency may be used. 
For example, the same frequency as used with the linear 
drive eddy current array to inspect the composite may be 
used. This may be performed during the same or separate 
scan of the COPV. 

Previous scans of the COPV may be used as baseline 
scans to which a comparison can be made after later scans 
to determine if damage to the COPV has occurred in the 
interim between scans. The baseline scan image may be 
registered (i.e., spatially aligned) with the present scan 
image and subtracted there from to produce a change in 
property image. In the case of the composite, for example, 
a change in conductivity image may be produced. In the case 
of the liner, for example, a change in lift-off image may be 
produced. A damage detection threshold may be set to 
identify locations of possible damage. For example, a 
decrease in conductivity by a predetermined amount or more 
may be identified as a damage site in the composite. The 
amount of change in conductivity in the composite may be 
used to identify the severity of the damage to the composite. 
Sunilarly, the change in lift-off may be used to characterize 
damage in the liner. For example, the greater the increase in 
lift-off between the baseline image and the present image the 
larger the dent in the liner. 

In some embodiments, the COPV may also include a 
multi-layer insulation (MLI). Depending on the thickness 
and conductivity of the MLI, the inspection may be done 
through (i.e., without removal) of the MLI. 

While a scanning mode has been described above, a 
permanently mounted or embedded sensor configuration 
may be used in some embodiments. 

A method 800 of inspecting a test object is shown in FIG. 
8. This method may be performed using system 100 (FIG. 
1). Though, method 800 may be implemented in any suitable 
way. The test object may be a composite object, an object 
with composite and non-composite portions such as a 
COPY, or any other suitable type of object. 

At step 801, a sensor is scanned across a surface of the test 
object. The sensor may be, for example, a linear drive 
eddy-current sensor array. The sensor and test object may be 
held by suitable a suitable fixture that ensures the sensor is 
held in compliance with the test object and may have motion 
control devices (e.g., motors) and position encoding devices 
to actuate and facilitate recording of the sensor position 
relative to the test object. The sensor may be suitably 
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oriented with respect to the test object. For example, a drive 
conductor may be aligned with a fiber wrap orientation 

At step 802, which is performed during step 801, a series 
of measurements are taken and recorded. If an array is used, 
a series of sensor measurements may be recorded for each of 
the array elements. The sensor measurement results may be 
associated with the position of the sense element relative to 
the position of the test object at the time of measurement so 
that an image can later be formed for the scanned imaging 
area. Sensor measurements may be taken for one or more 
excitation signals. For example, sensor measurements may 
be recorded for each of multiple excitation signal frequen- 
cies. The sensor measurements may be recorded as imped- 
ance, admittance, or any other suitable representation of the 
response. 

At step 803, the sensor responses are processed to obtain 
a property image of the test object in its current condition. 
The property image may represent an electromagnetic prop- 
erty, a geometric property, or any other suitable property of 
the material. In some embodiments, the sensor measure- 
ments are processed using Grid Methods to estimate the 
material property. Though, any suitable approach may be 
used. Step 803 may begin after each measurement is 
recorded (e.g., while scanning continues) or may be com- 
menced after complete or partial scan results are available. 
When the measurement results are processed is not critical. 

At step 805, a “baseline” property image is registered with 
the current property image generated at step 803. The 
baseline property image is a property image obtained from 
sensor data obtained from the test object at a previous time. 
For example, the data for the baseline property image may 
be obtained at a previous inspection of the test object, as part 
of manufacturing of the test object or at any other suitable 
time. Registration is a process whereby the images are 
lined-up with one another so that at each location of the 
current and baseline property images is registered with the 
same location on the test object. Those skilled in the art will 
recognize numerous techniques for registering images are 
known and any suitable approach may be used. For example, 
the images may be represented as two respective tables of 
equal dimension and each cell within the table may be 
registered by associating it with the corresponding cell of the 
other table. To illustrate another approach, where the loca- 
tion of the data values of the two images do not correspond 
sufficiently, one image may be interpolated to produce data 
values at the same locations represented in the other image. 
As yet another approach, the images may have registration 
marks therein which may be aligned by scaling, stretching 
and skewing one of the images. How the registration is 
performed is not critical. 

At step 807, the registered images are differenced to 
identify the change in material property between the base- 
line scanning and the current operation. A difference image 
is generated as a result of the subtraction at this step. 

At step 809, the difference image is analyzed to identify 
damage locations and the amount of damage sustained. 
Damaged areas may be identified by exceeding a threshold 
change in material properties. Where the damage mode of 
interest is impact damage, substantial and localized material 
property changes may be used to identify damage locations. 
In some embodiments, impact damage location detection is 
automated by a detection module. Detection module may be 
a module 109 of instrument 110. It should be appreciated 
that in some cases a background material property change 
may be present that is not associated with impact damage. 
Global material property changes in the test object may be 
associated with aging of the material. 
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A method 900 of inspecting a composite overwrapped test 
object with a metal liner is shown in FIG. 9. This method 
may be performed using system 100 (FIG. 1). Though, 
method 900 may be implemented in any suitable way. 

Method 900 is similar to method 800, however, method 
900 includes additional steps of obtaining data at a second 
frequency. 

At step 901, the sensor array is scanned on the test object. 
Step 901 may be performed in substantially the same way as 
steps 801 of method 800. 

At step 902 impedances are measured at a first frequency 
for each of the sense elements of the array during the 
scanning at step 901. Step 902 may be performed in ways 
similar to those described in connection with step 802 of 
method 800. The first frequency may be chosen to obtain 
sensitivity to the composite overwrap portion of the com- 
posite. 

Also during scanning, at step 903, impedances are mea- 
sured at a second frequency for each of the sense elements 
of the array. The second frequency may be selected to 
penetrate through the composite overwrap for imaging of the 
metal liner. Steps 902 and 903 may be performed by 
switching the excitation of the drive winding back and forth 
between the first and second frequency or the first and 
second frequency may be superimposed and the responses 
separated using, for example, Fourier transform theory. 
Though, steps 902 and 903 may be performed in any suitable 
way. 

At step 905, the impedance measurements at the first 
frequency obtained at step 902 are processed to image the 
composite overwrap. In some embodiments, the imaged 
feature of the composite overwrap is the effective conduc- 
tivity of the overwrap which is estimated using a conduc- 
tivity/lift-off grid and the Grid Methods. Though, the imped- 
ance measurements may be processed using any suitable 
inverse method to estimate a property of the composite 
overwrap which may be used to indicate damage to the 
overwrap. 

Similarly, at step 907 the impedance measurements at the 
second frequency obtained at step 902 are processed to 
image the metal liner. In some embodiments, the imaged 
feature of the metal liner is the effective distance between 
the sensor and the liner. This may be estimated using a 
conductivity/lift-off grid and the Grid Methods. Note that if 
a conducitivty/lift-off grid is used, the composite overwrap 
is assumed to be of much lower conductivity than the metal 
liner such that the sensor is substantially unaffected by the 
conductivity of the overwrap. It should be appreciated, 
however, that the impedance measurements may be pro- 
cessed using any suitable inverse method to estimate a 
property of the metal liner which may be used to indicate 
damage to the liner. 

At step 909, the property images formed at steps 905 and 
907 are analyzed to detect damage to the composite over- 
wrap and the metal liner respectively. In some embodiments, 
damage to the composite overwrap is identified by local 
regions of low conductivity and damage to the metal liner is 
identified by localized regions of high lift-off. In some 
applications it may be anticipated that damage to the liner 
will also be associated with damage to the overwrap at the 
same location on the test object. Registration with and 
subtraction of baseline images of the test object as described 
generally in connection with steps 805 and 807 of method 
800 may also be used as part of the analysis of the property 
images to detect damage. 

Tt should be appreciated that method 900 may be imple- 
mented using different sensors rather than different excita- 
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tion frequencies to differentiate the liner and the composite 
overwrap. For example, a sensor having a drive winding that 
is not aligned with a fiber wrap within the composite 
overwrap or with a non-linear shape may be used. 

To demonstrate the methods a COPV vessel was scanned 
in accordance with methods 800 and 900. The COPV vessel 
has an aluminum liner and a composite overwrap made up 
of primarily carbon fiber composite materials. Data was 
taken before impact damage to be used as a baseline result. 
The COPV was scanned axially on the constant radius 
cylindrical section of the bottle with both FA24 and FA28 
sensors from JENTEK (see FIGS. 2B and 2C, respectively). 
Because these sensors are not wide enough to inspect the 
entire circumference in a single pass, a fixture was devel- 
oped to scan along the axis, return the sensor to the starting 
position, rotate the COPV so that there was a slight overlap 
between scans and repeat until the entire circumference was 
covered. The methods were repeated at two sensor orienta- 
tions: the hoop (90°) orientation and an orientation parallel 
to the major helical wrap orientation of about 10°. The 
sensor for the major helical wrap orientation was set by 
rotating the sensor until a local peak in the signal was 
achieved. (See the discussion above regarding fiber wrap 
detection.) 

After the baseline scans were completed, the COPV was 
subject to controlled impact damage at four locations. The 
impact energies used were 30 ft-lbs, 20 ft-lbs, 15 ft-lbs and 
10 ft-lbs. The locations of the impact sites and the respective 
impact energies are show in schematic 1000 of FIG. 10A. 

In the imaging results, the baseline and after impact 
damage results are shown. The baseline subtracted image, 
which is also presented, is obtained by subtracting the 
baseline C-scan from the C-scan image after impact damage. 

Two approaches were used to perform registration and 
subtraction of the baseline image. In the first approach a 
common feature is found and the images are shifted to have 
common x-y coordinates and then the baseline C-scan image 
is subtracted from the C-scan image after impact damage. 
This method is most effective ifthe sensor orientation before 
and after impact are nearly identical since the sensors 
response is sensitive to the drive orientation relative to the 
fiber axis. In the second approach small differences in sensor 
orientation could be compensated by a small image rotation 
before the subtraction. This method requires the images to 
be normalized so when the subtracted image is presented the 
property images shows relative rather than absolute conduc- 
tivity change. 

Images 1010 in FIG. 10B show a lift-off C-scans at 50 
kHz with the FA24 MWM.-Array. Specifically images 1010 
include a before impact damage image 1012, an after impact 
damage image 1013, and a baseline subtracted image 1011. 
At 50 kHz, the properties of the aluminum liner are being 
measured. Image 1011 clearly shows the four impact sites 
and an estimation of the lift-off change indicates the amount 
that the impacts have dented the aluminum liner. At the 
highest impact energy, 30 ft-lbs, the dent is estimated to be 
46 mils in depth and at the lowest impact energy, 10 ft-lbs, 
the dent is estimated to be 6 mils in depth. 

Images 1020 in FIG. 10C shows the conductivity C-scan 
at 5.011 MHz for the FA24 MWM-Array. Images 1020 
include a before impact damage image 1022, an after impact 
damage image 1023, and a baseline subtracted image 1021. 
Image 1021 clearly shows a conductivity decrease at each of 
the four impact sites, with the site with the highest impact 
energy showing the largest conductivity change and the 
largest area of decreased conductivity. 
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Images 1030 in FIG. 10D shows the corresponding lift-off 
C-scan at 5.011 MHz. Images 1030 include a before impact 
damage image 1032, an after impact damage image 1033, 
and a baseline subtracted image 1031. The impact damage 
site with the largest impact energy shows the largest lift-off 
change and the damage are with the smallest impact energy 
shows no change, however the conductivity image at this 
location does show some conductivity decrease. Conductiv- 
ity C-scan at frequencies of 3.162 MHz, 10 MHz and 15.84 
MHz, which were used to image the composite overwrap, 
showed similar results to those presented at 5.011 MHz. The 
conductivity C-scans with the FA28 showed results similar 
to the FA24 results. 

Amulti-layer insulation (MLI) may be used to cover some 
COPVs. Inspection through such a layer is often desirable. 
Such MLI may be up to % an inch in thick, for example. 
Methods 800 was demonstrated on a COPV through a 
relatively thin (0.0375 inches) MLI layer. The impedance 
measurements were processed using three unknown grids 
and the grid methods. The three unknown parameters were 
conductivity, lift-off and thickness to obtain an accurate 
conductivity value for the MLI. The MLI measured conduc- 
tivity was 0.145% IACS, which is almost an order of 
magnitude higher than the conductivity of the carbon fiber 
overwrap (~0.025% IACS). However, the aluminum liner 
has a conductivity of 45% IACS. Detection of damage to the 
liner through the MLI insulation layer was demonstrated. 
Image 1100 in FIG. 11 shows the lift-off C-scan at 50 kHz 
with the MLI in place. The impact damage to the liner is 
clearly visible, with the damages areas showing an increase 
in the lift-off. The lift-offs for the MLI covered COPV are 
higher due to the added lift-off provided by the MLI. In 
another embodiment damage in an internal structural mem- 
ber such as a crack or corrosion is imaged through a 
composite. In one such embodiment the linear drive sensor 
is intentionally, not aligned with a fiber direction to ensure 
more applied field reaches the internal structural member. In 
an embodiment the damage is a crack in an internal metal 
spar in an aircraft wing structure. 

Another aspect relates to volumetric stress measurements 
of a composite material. 

Linear drive eddy-current sensors may be used to make 
volumetric stress measurements of composite materials. 
Stress measurements at different positions may be made 
using mounted arrays. Stress measurements at different 
depths may be made by using multiple excitation frequen- 
cies and/or multiple sensor geometries. That is, the charac- 
teristic sensor lengths associated with a sensor may be 
changed to achieve different depths of sensitivity within the 
test object. Different excitation frequencies may be con- 
trolled directly from the instrumentation driving the drive 
winding of the sensor. Different sensor geometries may be 
achieved by forming sensing elements at different distances 
from a common drive winding, physically separating the 
drive winding and sense elements (e.g., using separate 
substrates), or in any suitable way. 

In some embodiments, a linear drive sensor is perma- 
nently mounted on a composite with linear fibers with the 
linear drive parallel or nearly parallel to the fibers such that 
a load applied to the composite displaces the fibers relative 
to the linear drive. This load-induced displacement may be 
in the direction of the fibers & linear drive, or it may be 
perpendicular to the direction of the fibers & linear drive. By 
monitoring the linear drive sensor across a band of frequen- 
cies, the load may be a function of depth beneath the sensor 
and inverse methods may be used to determine the load-vs- 
depth profile from the multi-frequency measurements. 
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In some embodiments, a linear drive sensor is perma- 
nently mounted on a composite with linear fibers such that 
a load applied to the composite displaces the fibers relative 
to the linear drive. The sensor is measured at two different 
loads to monitor changes in the load. The linear drive may 
have a periodic structure matching a periodic characteristic 
such as a repeatable fiber tow weave width where the 
spatially periodic sensor response is sensitive to changes in 
residual and applied stresses within the composite. 

In another embodiment, a linear drive sensor is aligned 
such that it is sensitive to selected layers of a multi- 
directional fiber lay-up where the response of the linear 
drive sensor is dominantly associated with the properties of 
the selected layer. The property of interest of the selected 
layer may be stress, temperature, or any other suitable 
property. 

In yet another embodiment a sensor is scanned across the 
part to baseline the fiber locations with a selected linear 
drive orientation. In one such embodiment mathematical 
statistics and/or a function is computed to define the fiber 
positions. The function may be, for example, a fiber density 
distribution as a function of position along the surface, 
response versus the partial domain frequency such as in a 
typical power spectrum density plot vs. spatial frequency. A 
second scan may be taken in the same orientation and 
changes from the baseline used to estimate a parameter such 
as strain or stress. The strain or stress may be estimated as 
a function of depth by changing lift-off, sensor geometry, 
frequency on another sensor operating condition. Multiple 
drive conductor orientations may be used to estimate stress 
or strain in different fiber orientations. The stress may be 
imaged over side areas with and without applied loads to 
assess structural condition and/or integrity. 

In some embodiments, a linear drive eddy-current sensor 
is used to examine the condition of a layer with a predeter- 
mined fiber orientation. The linear drive sensor may be 
scanned across the part surface with the drive at an angle 
such that a linear drive conductor is aligned with the fiber 
orientation of interest. In one such embodiment a baseline is 
taken after a production stage or after production to qualify 
the condition for acceptance testing. In one such embodi- 
ment the baseline is stored for later use. Later inspections 
performed at the same surface are then combined (e.g., 
subtracted or otherwise mathematically combined) with the 
baseline to look for changes that represent aging or damage 
or stress in the composite. In one such embodiment scans 
(baseline and after service) are taken in multiple orienta- 
tions, spatially registered and stored. 

Another aspect relates to evaluating fiber tow density in a 
composite material. System 100 of FIG. 1 may be used with 
a linear drive sensor to determine fiber tow density within a 
fiber ply. For example, a ply may have a weave with a 
repeated fiber tow weave width. The sensor may be scanned 
across the composite in the direction of the periodicity of the 
weave. That is the linear drive construct may be aligned with 
the fiber tows and the direction of scanning is perpendicular 
to the linear drive construct. The sensor response may vary 
so as to detect each tow in the weave. The spatial variation 
in the response may be inspected to identify aberrations in 
the weave. In some embodiments, the response is processed 
using a computing device to determine the spatial frequency 
of the sensor variation. For example, the spatial sensor 
response may be converted to the spatial frequency domain 
using Fourier theory or another suitable technique. The 
weave tow spatial frequency will produce a peak response in 
the power spectrum of the spatial frequency domain. 
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A method 1200 is described in connection with FIG. 12A 
for determining a periodic characteristic of a composite, 
such as repeatable fiber tow weave width, using a linear 
drive eddy-current sensor. Method 1200 may be performed 
in any suitable way, for example, using system 100 shown 
in FIG. 1. 

At step 1201, a linear drive eddy-current sensor is aligned 
with the direction of the fibers in the fiber tows. 

At step 1203, the sensor is scanned in a direction perpen- 
dicular to the direction of the fibers, that is, in the direction 
of the periodicity of the fiber tows. During scanning imped- 
ance measurements are made from the sensor for one or 
more excitation signals. Scanning may be facilitated by one 
or more motors and scan position may be recorded using in 
any suitable way. 

At step 1205, the sensor response is transformed into a 
spatial frequency domain response. The transition from the 
sensor response into the spatial frequency domain may be 
performed using approaches known from Fourier transform 
theory such as the fast Fourier transform (FFT) or any other 
suitable approach. Of course, equivalent transformations 
may be performed such as transformation into the spatial 
periodicity domain. 

At step 1207, the fiber tow density is validated. In some 
embodiments, the spatial frequency domain information 
determined at step 1205 is used to determine the periodicity 
of the fiber tows, for example, by identifying a peak within 
the spatial frequency response, determining the correspond- 
ing spatial periodicity and comparing it with an acceptable 
range of spatial periodicities. The location of the spike-like 
feature appearing near the inverse of the spatial periodicity 
(modulo factors of 2 and pi, depending, for example, on 
Fourier conventions) may be determined via the mean, 
median, mode, or any one or more of various pulse-location 
metrics. An accept/reject determination may be made based 
on whether the estimated fiber tow density is within the 
specification. 

In some embodiments, measurement at this location are 
performed at various loads to monitor changes in the load. 

FIG. 12B shows an image 1240 of a composite sample 
with regular fiber tow spacing. FIG. 12C shows an image 
1250 of the sample but with a magnitude 1251 of a sensor 
response superimposed thereon. Note that the sensor 
response is spatially periodic. The spatial frequency of the 
sensor response is represented in power spectrum density 
plot 1260 of FIG. 12D. The peak in response corresponds 
with the periodicity of the fiber tows. 

The spatial periodicity may also advantageously be used 
to monitor changes in material properties such as residual 
and applied stresses within a composite. A linear drive 
sensor formed of two or more linear drive segments having 
a spatially periodic structure matching a periodic character- 
istic of the composite, such as a repeatable fiber tow weave 
width, may be mounted on the composite. With the drive 
segments aligned in the direction of the fiber of the fiber 
tows or another corresponding feature the sensor may be 
sensitive to material conditions such as stress. 

Having thus described several aspects of at least one 
embodiment of this invention, it is to be appreciated that 
various alterations, modifications, and improvements will 
readily occur to those skilled in the art. 

Such alterations, modifications, and improvements are 
intended to be part of this disclosure, and are intended to be 
within the spirit and scope of the invention. Accordingly, the 
foregoing description and drawings are by way of example 
only. 
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The above-described embodiments of the present inven- 
tion can be implemented in any of numerous ways. For 
example, the embodiments may be implemented using hard- 
ware, software or a combination thereof. When implemented 
in software, the software code can be executed on any 
suitable processor or collection of processors, whether pro- 
vided in a single computer or distributed among multiple 
computers. 

Further, it should be appreciated that a computer may be 
embodied in any of a number of forms, such as a rack- 
mounted computer, a desktop computer, a laptop computer, 
or a tablet computer. Additionally, a computer may be 
embedded in a device not generally regarded as a computer 
but with suitable processing capabilities, including a Per- 
sonal Digital Assistant (PDA), a smart phone or any other 
suitable portable or fixed electronic device. 

Also, a computer may have one or more input and output 
devices. These devices can be used, among other things, to 
present a user interface. Examples of output devices that can 
be used to provide a user interface include printers or display 
screens for visual presentation of output and speakers or 
other sound generating devices for audible presentation of 
output. Examples of input devices that can be used for a user 
interface include keyboards, and pointing devices, such as 
mice, touch pads, and digitizing tablets. As another example, 
a computer may receive input information through speech 
recognition or in other audible format. 

Such computers may be interconnected by one or more 
networks in any suitable form, including as a local area 
network or a wide area network, such as an enterprise 
network or the Internet. Such networks may be based on any 
suitable technology and may operate according to any 
suitable protocol and may include wireless networks, wired 
networks or fiber optic networks. 

Also, the various methods or processes outlined herein 
may be coded as software that is executable on one or more 
processors that employ any one of a variety of operating 
systems or platforms. Additionally, such software may be 
written using any of a number of suitable programming 
languages and/or programming or scripting tools, and also 
may be compiled as executable machine language code or 
intermediate code that is executed on a framework or virtual 
machine. 

In this respect, the invention may be embodied as a 
computer readable medium (or multiple computer readable 
media) (e.g., a computer memory, one or more floppy discs, 
compact discs, optical discs, magnetic tapes, flash memo- 
ries, circuit configurations in Field Programmable Gate 
Arrays or other semiconductor devices, or other tangible 
computer storage medium) encoded with one or more pro- 
grams that, when executed on one or more computers or 
other processors, perform methods that implement the vari- 
ous embodiments of the invention discussed above. The 
computer readable medium or media can be transportable, 
such that the program or programs stored thereon can be 
loaded onto one or more different computers or other pro- 
cessors to implement various aspects of the present inven- 
tion as discussed above. 

In this respect, it should be appreciated that one imple- 
mentation of the above-described embodiments comprises at 
least one computer-readable medium encoded with a com- 
puter program (e.g., a plurality of instructions), which, when 
executed on a processor, performs some or all of the 
above-discussed functions of these embodiments. As used 
herein, the term “computer-readable medium” encompasses 
only a computer-readable medium that can be considered to 
be a machine or a manufacture (1.e., article of manufacture). 
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A computer-readable medium may be, for example, a tan- 
gible medium on which computer-readable information may 
be encoded or stored, a storage medium on which computer- 
readable information may be encoded or stored, and/or a 
non-transitory medium on which computer-readable infor- 
mation may be encoded or stored. Other non-exhaustive 
examples of computer-readable media include a computer 
memory (e.g., a ROM, a RAM, a flash memory, or other type 
of computer memory), a magnetic disc or tape, an optical 
disc, and/or other types of computer-readable media that can 
be considered to be a machine or a manufacture. 

The terms “program” or “software” are used herein in a 
generic sense to refer to any type of computer code or set of 
computer-executable instructions that can be employed to 
program a computer or other processor to implement various 
aspects of the present invention as discussed above. Addi- 
tionally, it should be appreciated that according to one aspect 
of this embodiment, one or more computer programs that 
when executed perform methods of the present invention 
need not reside on a single computer or processor, but may 
be distributed in a modular fashion amongst a number of 
different computers or processors to implement various 
aspects of the present invention. 

Computer-executable instructions may be in many forms, 
such as program modules, executed by one or more com- 
puters or other devices. Generally, program modules include 
routines, programs, objects, components, data structures, 
etc. that perform particular tasks or implement particular 
abstract data types. Typically the functionality of the pro- 
gram modules may be combined or distributed as desired in 
various embodiments. 

Also, data structures may be stored in computer-readable 
media in any suitable form. For simplicity of illustration, 
data structures may be shown to have fields that are related 
through location in the data structure. Such relationships 
may likewise be achieved by assigning storage for the fields 
with locations in a computer-readable medium that conveys 
relationship between the fields. However, any suitable 
mechanism may be used to establish a relationship between 
information in fields of a data structure, including through 
the use of pointers, tags or other mechanisms that establish 
relationship between data elements. 

Various aspects of the present invention may be used 
alone, in combination, or in a variety of arrangements not 
specifically discussed in the embodiments described in the 
foregoing and is therefore not limited in its application to the 
details and arrangement of components set forth in the 
foregoing description or illustrated in the drawings. For 
example, aspects described in one embodiment may be 
combined in any manner with aspects described in other 
embodiments. 

Also, the invention may be embodied as a method, of 
which an example has been provided. The acts performed as 
part of the method may be ordered in any suitable way. 
Accordingly, embodiments may be constructed in which 
acts are performed in an order different than illustrated, 
which may include performing some acts simultaneously, 
even though shown as sequential acts in illustrative embodi- 
ments. 

Use of ordinal terms such as “first,” “second,” “third,” 
etc., in the claims to modify a claim element does not by 
itself connote any priority, precedence, or order of one claim 
element over another or the temporal order in which acts of 
a method are performed, but are used merely as labels to 
distinguish one claim element having a certain name from 
another element having a same name (but for use of the 
ordinal term) to distinguish the claim elements. 
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Also, the phraseology and terminology used herein is for 
the purpose of description and should not be regarded as 
limiting. The use of “including,” “comprising,” or “having,” 
“containing,” “involving,” and variations thereof herein, is 
meant to encompass the items listed thereafter and equiva- 


lents thereof as well as additional items. 


What is claimed is: 

1. A system for determining a layup of a composite 
structure, the system comprising: 

an eddy-current sensor; 

a fixture for maintaining the eddy-current sensor proximal 
to a location on the composite structure and rotating the 
sensor relative to the location; 

an instrument for measuring impedances from the eddy- 
current sensor during the rotation; 

a processor; and 

at least one module comprising code executable by the 
processor, the at least one module comprising a rela- 
tionship module for relating impedance measurements 
at one or more angles of the eddy-current sensor to 
respective fiber orientations within the composite struc- 
ture. 

2. The system of claim 1, wherein the eddy-current sensor 

has a linear drive construct. 

3. The system of claim 2, wherein the eddy-current sensor 
has an array of sensing elements. 

4. They system of claim 1, wherein the eddy-current 
sensor has a meandering winding. 

5. The system of claim 1, wherein the relationship module 
processes the impedance measurements to estimate a mate- 
rial property of the composite using a pre-computed data- 
base of eddy-current sensor responses. 

6. The system of claim 1, wherein the fiber orientation is 
determined based on a phase angle of the impedance mea- 
surements. 

7. The system of claim 6, wherein each respective fiber 
orientation is determined from a local peak in the phase 
angle of the impedance measurement. 

8. The system of claim 1, wherein the at least one module 
further comprise a validation module that validates that the 
fiber orientations at the location on the composite structure 
are within a specification. 

9. A method for determining a layup of a composite 
structure, the method comprising acts of: 

(i) fixturing an eddy-current sensor proximal to a location 

on the composite structure; 

(ii) rotating the sensor relative to the location; 

(iii) measuring, with an impedance instrument, imped- 
ances from the eddy-current sensor during the rotation; 
and 

(iv) relating impedance measurements at one or more 
angles of the eddy-current sensor to respective fiber 
orientations within the composite structure. 

10. The method of claim 9, wherein the composite struc- 

ture is a composite overwrapped pressure vessel (COPV). 

11. The method of claim 9, further comprising repeating 
acts (i) through (iv) at a plurality of locations. 

12. The method of claim 9, further comprising an act of 
(v) validating the fiber orientations at the location on the 
composite structure are within a specification. 

13. The method of claim 9, wherein the eddy-current 
sensor has a linear drive construct. 

14. The method of claim 13, wherein the eddy-current 
sensor has an array of sensing elements. 

15. They method of claim 9, wherein the eddy-current 
sensor has a meandering winding. 
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16. The method of claim 9, wherein the fiber orientations 
are determined based on a phase angle of the impedance 
measurements. 

17. The method of claim 16, wherein each respective fiber 
orientation is determined from a local peak in the phase 5 
angle of the impedance measurement. 

18. A method for determining a layup of a composite 
overwrapped pressure vessel (COPV), the method compris- 
ing acts of: 

(1) fixturing an eddy-current sensor proximal to a location 10 

on the COPV; 
(ii) rotating the sensor relative to the location; 
(iii) measuring, with an impedance instrument, imped- 
ances from the eddy-current sensor during the rotation; 
and 15 

(iv) relating impedance measurements at one or more 
angles of the eddy-current sensor to respective fiber 
orientations within the COPV. 
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